Collective motion can be observed in biological systems over a wide range of length scales, from large animals to bacteria. Collective motion is thought to confer an advantage for defense and adaptation. A central question in the study of biological collective motion is how the traits of individuals give rise to the emergent behavior at population level. This question is relevant to the dynamics of general self-propelled particle systems, biological self-organization, and active fluids. Bacteria provide a tractable system to address this question, because bacteria are simple and their behavior is relatively easy to control. In this mini review we will focus on a special form of bacterial collective motion, i.e., bacterial swarming in two dimensions. We will introduce some organization principles known in bacterial swarming and discuss potential means of controlling its dynamics. The simplicity and controllability of 2D bacterial behavior during swarming would allow experimental examination of theory predictions on general collective motion.
INTRODUCTION
Collective motion is the coordinated self-organized movement of many individuals arising from physical, chemical, or social interactions between these individuals [1] . Collective motion is ubiquitous in nature. Familiar examples include fish schooling [2] , bird flocking [3, 4] , and insect swarming [5] . At microscale, animal cells and microorganisms also display collective motion, such as cancer invasion and tissue development [6] , phytoplankton (algae) blooms in surface waters [7] , amoebae aggregation under starvation [8] , and bacterial swarming during the formation of biofilms and fruiting bodies [9, 10] . Collective motion is thought to confer an advantage for defending predators [2, 3] and for adapting to the environment [9, 10] .
Despite the vast differences in length scale and propulsion mechanism, collective motion across biological systems shares a similar feature: global order arises spontaneously from local interactions between individuals that do not have access to global information. Intriguingly, the traits of individuals determine the emergent global order in a non-intuitive manner; change of individuals' traits may lead to dramatically different collective behavior. Therefore, a central aim in the study of biological collective motion is to reveal its organization principles, i.e., how the traits of individuals give rise to the emergent behavior at population level. This question is not only important to biology, but also of great interest to other disciplines, such as physics, engineering, and computer science. For example, biological collective motion provides insights for understanding the physics of self-organization in non-equilibrium systems [1] ; organization principles revealed in biological collective motion have inspired the design of aerial robots that can perform autonomous group flights [11] , the design of swarming robots that can self-assemble in a programmable manner [12, 13] , and the implementation of more efficient data mining algorithms using swarm intelligence [14] .
To understand how individual traits give rise to the emergent behavior in collective motion, it is often desirable to control the behavior of individuals. While the behavior of multicellular organisms is complex, microorganisms are simple and new techniques from biology, physics and engineering have become available to control their collective behavior. Here we will focus on a special form of bacterial collective motion, i.e., bacterial swarming. Bacterial swarming occurs on surfaces and is often two-dimensional (2D). Studies of bacterial swarming have fueled the theory development for general selfpropelled particle systems, biological self-organization, and active fluids [1, [15] [16] [17] [18] . In particular, the simplicity and controllability of 2D bacterial behavior during swarming would allow timely examination of theory predictions by experiments. In the following sessions we will give an overview of bacterial collective motion, introduce bacterial swarming, and discuss potential means of controlling collective dynamics in bacterial swarms.
OVERVIEW OF BACTERIAL COLLECTIVE MOTION
The best known example of bacterial collective motion is chemotactic waves of bacteria migrating in bulk fluids across soft agar plates [19] , which result from the chemotactic response of cells to the global chemical gradients dynamically generated by the migrating cells. Chemotactic waves have been studied in quantitative details in microfluidic channels or microcapillaries; for example, see Ref. [20] . Similar to chemotactic waves, bacteria can form traveling bands as a result of aerotaxis towards favorable oxygen concentrations in a selfgenerated oxygen gradient [21] . Bacterial collective motion at high densities has been studied in quasi-2D environments, such as in free-standing liquid films [22] [23] [24] , in sessile liquid drops [25, 26] , in confined droplets [27] , and in microfluidic channels [28] . Bacterial collective motion in 2D has been primarily studied in bacterial swarms (to be discussed in details below). Recently, it was reported that certain bacterial species can self-assemble into rotating dynamic clusters at air-liquid or liquid-solid interface due to hydrodynamic interactions [29, 30] .
BACTERIAL COLLECTIVE MOTION IN TWO DIMENSIONS
When grown on moist surfaces, many bacterial species are able to form a densely packed colony in which millions or more cells move across the surface in a collective manner. The colony is mostly mono-layered, so the motion of cells is two-dimensional or quasi-twodimensional. The colony is enclosed by a thin layer of liquid film or slimy matrix produced by cells themselves, which provide the milieu to support cell motility. This specialized form of 2D surface translocation exhibited by motile bacteria is called swarming. Bacterial swarms are one of the simplest biological systems displaying collective motion. Bacterial collective motion as manifested by swarming is of ecological and medical significance, because it is relevant to biofilm development [10, 31] , fruiting body formation [9] , microbial dispersal and coexistence [32] , as well as pathogenesis and tissue invasion [33] .
Swarming of flagellated bacteria
Swarming was first observed with Proteus by Hauser [34] , and it has long been studied in numerous bacterial species propelled by flagellar motility [34] [35] [36] . Flagella are long, thin, helical filaments appended on cell surface and they act as helical propellers to drive cell's motion through fluids [37, 38] . Within hours contacting a moist nutrientrich surface, cells elongate, make more flagella, secrete wetting agents, and swarm across the surface in coordinated packs within a thin layer of fluid [39] [40] [41] . Swarming and biofilm formation are inversely regulated by pathways that enable cells to choose between swimming or entering sessile state [10] . Cells close to the swarm center gradually become sessile and produce extracellar matrix [42, 43] , leading to biofilm formation. For reviews on the genetics, biochemistry and physiology of flagellated swarming, see Refs. [10, 35, 36, [44] [45] [46] [47] .
The motion pattern of swarming is similar across bacterial species. Swarm cells are densely packed but they do not jam; instead, the cells exhibit smooth collective motion in the form of clusters, swirls, and jets with a length scale of tens to hundreds of microns [48] [49] [50] ( Figure 1A and D). Individual cells move at an average speed comparable to the swimming speed in bulk fluid [49] . This fact is surprising, given that cells experience frequent collisions by neighbors due to the high cell density. With an elongated shape, cells tend to move bidirectionally along the long axis of the cell body, and sideways maneuver are rare [52] . Interestingly, cells occasionally reverse moving direction upon the switching of flagellar rotation. Escherichia coli swarm cells reverses direction every 1.5 s [52] . The reversal period follows exponential distribution with a mean comparable to the mean run time of swimming [53] , suggesting that E. coli may have adapted its chemotaxis system to control flagella motor switching during directional reversals. Alternatively the reversal may be a result of passive flipping of flagella due to cell-cell collisions [54] . Directional reversal has also been observed in Paenibacillus dendritiformis swarming, in which case the reversal period distribution is unimodal but not exponential [55] ( Figure 1B and E) . Directional reversal may be a consequence of the elongated cell shape and crowded environment in bacterial swarms, since a rod-shaped cell would be easier to move backwards than to choose a new direction randomly when it decides to change direction in a dense crowd [17] . Chemotaxis is not required for swarming: cells of Salmonella lacking the chemotaxis response regulator, CheY, swarm perfectly well, provided that mutations in the motor protein FliM enable transi-tions between clockwise (CW) and counter-clockwise (CCW) states [56] . It has been reported that swarm cells exhibit giant density fluctuations [50] , display scaleinvariant correlation of velocity and orientation within dynamic clusters [57] , and the cells move in a manner similar to Lévy walk [58] . These behaviors are related to dynamic clustering in swarms and may be conserved among swarms of different bacterial species.
The collective dynamics in swarming is primarily governed by steric interaction between cells [59, 60] . Hydrodynamic interaction may be a key factor as well [49, 61] , because swarm cells are in fact swimming within a thin liquid film whose thickness is a few microns [62] . Water is drawn by cells from the substrate most likely via osmotic flows [63, 64] ; this water forms the swarm fluid film that covers the entire colony. Cells interact strongly with the swarm fluid film: the fluidic environment supports flagellar motility, while flagellar rotation strongly agitates the swarm fluid and generates rapid flows with speeds up to tens of micron per second [51, 63] . Fluid flows driven by flagellar motility can facilitate material transport, promote social interactions, and affect the collective motion in swarms [51] (Chen C., Liu S., Wu Y., unpublished data).
Swarming of non-flagellated bacteria
Some non-flagellated bacteria were found to exhibit collective surface translocation in many ways similar to the swarming of flagellated bacteria. These bacteria are propelled by various motility mechanisms, including retraction of type IV pili (such as Pseudomonas and Myxobacteria) [65] [66] [67] , slime secretion (such as Cyanobacteria) [68] , and gliding with hidden engines (such as Myxobacteria and Bacteriodetes that include Cytophaga, Flavobacteria, and Bacteriodes) [9, 69] . Gliding of Myxobacteria involves slime secretion and helical motion of motor proteins along cell surface [70, 71] . Gliding mechanisms of Bacteriodetes are less well understood [69] ; for Flavobacteria, its gliding machinery involves helical flow of surface proteins and has been identified as a rotary motor driven by proton motive force [72] [73] [74] . In microbiology literature, collective surface translocation of species propelled by type IV pili and hidden engines are often referred to as twitching and gliding, respectively [36] . However, the term "swarming" has been widely adopted to describe collective surface translocation of bacteria (flagellated or non-flagellated) in studies that model these phenomena and that focus on collective motion in a general sense, because the details of motility machinery can often be neglected in these studies [1] .
Despite the difference in motility mechanisms, the motion pattern of gliding bacteria during swarming is similar to that of flagellated bacteria. Cells form a densely packed 2D or quasi-2D colony and display large scale coherent motion, such as rafts, clusters, and multilayered mounds [75] (Figure 1C and F) . These elongated and flexible cells tend to reverse moving direction in a regular manner [69, 77] . This regular reversal is required for Myxobacteria to swarm; it facilitates orientational ordering and ensures smooth cellular flow within a dense crowd whose density is near jamming threshold [77, 78] . A similar function may be conferred by directional reversal in swarming of flagellated bacteria [17] . Notably, Myxobacteria were found to regulate reversal period using an internal biochemical clock when predating prey bacteria or during starvation [79] , and the changes of reversal behavior lead to the formation of rippling waves [80] , streams [81, 82] , as well as 3D fruiting bodies [83] . Short-ranged contact-mediated interactions are the primary interactions between gliding bacteria, as suggested by a number of cell-based biomechanical models that have successfully explained some key aspects of collective motion of gliding bacteria [59, 77, 81, [83] [84] [85] [86] [87] [88] .
CONTROLLING BACTERIAL COLLECTIVE MOTION IN TWO DIMENSIONS: A PERSPECTIVE
Individual cell's behavioral pattern gives rise to emergent collective behavior often in an unexpected manner. For example, variation of directional reversal frequencies in Myxobacteria can change collective behavior from swarming to rippling [80] or to streaming [82] . On the other hand, models of self-propelled particle systems and active fluids suggest that behavioral parameters of individuals are often critical to collective dynamics [11, 15, 16, 18] . For example, Chaté et al. studied the role of noise in active nematic systems and found that correlation length diverges (i.e., quasi-long-range order emerges) below a critical noise strength [89] ; McCandlish et al. and Hinz et al. modeled mixtures of self-propelled particles with different motilities, and found that such systems displayed phase separation [90] and could give rise to dynamical phases [91] ; Nagai et al. found that selfpropelled particles with memory of past trajectories (i.e., with underdamped angular dynamics) displayed a rich variety of phases not observed in systems without memory, such as vortex lattices and active foam [92] . To understand the connections between individual cell's behavior and the emergent collective behavior, and to verify model predictions in experimental systems of bacterial collective motion, it is desirable to control the behavior of individual cells as well as their physicochemical environment.
A growing number of techniques have become available to control the behavior of bacteria. New development in synthetic biology has allowed the building of genetic circuits that can modify the way cells behave and interact during collective motion. For example, incorporation of a quorum sensing circuit to the chemotactic pathway of E. coli generated programmable stripe formation [93] . It is also possible to control the behavior of cells with light, using optogenetics tools [94] and photosensitizers. For example, using a photosensitizer, Lu et al. investigated the response of collective motion to increased noise level [95] . Bacillus subtilis swarms were supplemented with the photosensitizer protoporphyrin IX. Upon light illumination, the photodynamic action of protoporphyrin IX generated reactive oxygen species, which disrupted the function of flagellar motors and caused cells to become more tumbly, thus increasing the noise level. The authors measured the collective speed of cells during light illumination and demonstrated loss of collective motion due to increased noise level [95] .
The physicochemical environment of swarm cells can be controlled using microfluidic devices. Swiecicki et al. used a microfluidic device to control the height of the liquid environment of E. coli swarm cells and recovered the key features of collective swarming dynamics, such as cluster formation [60] . Recently Liu et al. used a macroscopically sized microfluidic device to observe the 3D colony expansion of B. subtilis under controlled chemical environment [96] . This technique may be used to study bacterial collective motion under controlled chemical environment.
With these and more new techniques becoming available, the time is ripe for a deeper understanding of bacterial collective motion and for the examination of collective motion models in a wider parameter space.
